Abstract Research over the past few years has highlighted the ability of the unfolded protein response (UPR) to minimize the deleterious effects of accumulated misfolded proteins under both physiological and pathological conditions. The endoplasmic reticulum (ER) adapts to endogenous and exogenous stressors by expanding its protein-folding capacity and by stimulating protective processes such as autophagy and antioxidant responses. Although it is clear that severe ER stress can elicit cell death, several recent studies have shown that low levels of ER stress may actually be beneficial to cells by eliciting an adaptive UPR that 'preconditions' the cell to a subsequent lethal insult; this process is called ER hormesis. The findings have important implications for the treatment of a wide variety of diseases associated with defective proteostasis, including neurodegenerative diseases, diabetes, and cancer. Here, we review the physiological and pathological functions of the ER, with a particular focus on the molecular mechanisms that lead to ER hormesis and cellular protection, and discuss the implications for disease treatment.
ALS
Maintenance of protein homeostasis, or proteostasis, requires an effective means of ensuring that newly synthesized secreted and membrane proteins are correctly folded, assembled, and modified before they exit the endoplasmic reticulum (ER) (Hetz and Mollereau 2014) . The unfolded protein response (UPR) senses ER stress caused by the accumulation of unfolded or misfolded proteins, and responds by initiating a transcriptional program dedicated to restoring proteostasis by reducing new protein synthesis, increasing the synthesis of chaperone proteins to assist with protein folding, and degrading aberrantly folded proteins (Walter and Ron 2011; Hetz 2012; Wang and Kaufman 2012) . The goal of the UPR is thus to restore optimal ER functioning or, if this is not possible, to initiate programmed cell death as a last resort. The ER has an extraordinary ability to adapt to increasing physiological demands for protein synthesis by expanding its protein folding ability. For example, pancreatic β-cells, which must secrete insulin promptly in response to physiological and pathological fluctuations in blood glucose concentrations, have a high protein-folding capacity to accommodate the demand for proinsulin synthesis (Biden et al. 2014) . Similarly, photoreceptor cells in the retina must synthesize and fold large quantities of opsins, which can reach up to 70 % of the protein content of the cell (Hamm and Bownds 1986) . Thus, although ER-associated degradation (ERAD) is sufficient to remove misfolded proteins in most cells under normal physiological conditions, the UPR is constitutively activated in cells with unusually large demands for protein synthesis. In this review, we focus on the mechanisms of ER adaptation in response to stress and how the UPR triggers protective responses that allow the cells to avert pathological conditions.
ER stress and the unfolded protein response
Given the critical role of the ER folding machinery and the UPR in proteostasis, it is not surprising that perturbation of these processes can have pathological consequences (Walter and Ron 2011; Wang and Kaufman 2012) . For example, expression of mutant proteins, such as proinsulin C96Y in pancreatic β-cells of the Akita mouse model, induces ER stress and activates the UPR (Zhang et al. 2014) . Similarly, the UPR is elicited by mutations in rhodopsins in photoreceptor cells, as observed in Drosophila and mouse models of retinitis pigmentosa (Mendes et al. 2009; Lin et al. 2007 ). Another example is the accumulation of aggregated mutated proteins, such as β-amyloid, α-synuclein, and superoxide dismutase 1 in Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis (ALS), respectively (Hetz and Mollereau 2014) . Cataract formation in the lens can be caused by oxidative stress and the accumulation of misfolded crystallin proteins. Misfolded crystallins promotes ER stress and the UPR, which may contribute to cataract formation (Ikesugi et al. 2006; Elanchezhian et al. 2012) . Many chemicals and environmental factors also induce ER stress, and these have proven to be useful tools for research. In cultured cells and animal models, ER stress is commonly induced by treatment with tunicamycin, a glycosylation inhibitor, or with thapsigargin, an inhibitor of sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) that causes depletion of Ca 2+ stores in the ER. The three membrane-associated ER proteins that act as stress sensors and set in motion the UPR are: protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) (Fig. 1) . PERK responds to ER stress by phosphorylating and inhibiting the activity of eukaryotic translation initiation factor 2α (eIF2α). This attenuates protein translation and rapidly reduces the influx of nascent proteins into the ER. When homeostasis is restored, eIF2α is dephosphorylated by the UPR-induced phosphatase subunit GADD34, restoring translation (Harding et al. 2009 ). Although the majority of mRNA translation is halted by eIF2α phosphorylation, translation of selected proteins continues. One example is the transcription factor ATF4, which induces expression of a number of ERresident chaperones as well as proteins involved in regulating autophagy, the antioxidant response, and amino acid metabolism. ATF4 also induces genes controlling apoptosis, such as C/EBP-homologous protein (CHOP). The second UPR sensor, IRE1 has both endoribonuclease and kinase activities and catalyzes the unconventional splicing of X-box binding protein 1 (XBP1) mRNA, which is then translated into the transcription factor XBP1s. XBP1s activity upregulates the expression of ER chaperones and proteins associated with ERAD and lipogenesis. IRE1 also regulates XBP1-independent pathways; for example, IRE1 phosphorylates and activates c-Jun N-terminal kinase (JNK) via formation of a complex with TRAF2. The endoRNase activity of IRE1 induces a process termed regulated IRE1-dependent decay (RIDD), which induces the rapid decay of mRNAs associated with several processes, including lipogenesis and apoptosis. The final arm of the UPR is ATF6, which translocates to the Golgi and is cleaved by site 1 protease (S1P) and S2P. This releases a cytosolic fragment, ATF6f, which functions as a transcription factor and induces the expression of XBP1 and ERAD-associated proteins.
ER hormesis: a cytoprotective response to ER stress
It is becoming increasingly clear that exposure to low levels of ER stress can be beneficial by eliciting hormesis. Hormesis is an adaptive cellular response whereby exposure to low doses of stress activate protective mechanisms that render the cell resistant to a subsequent challenge with higher doses of stress (Mattson 2008) . Hormesis is observed clinically when the body is exposed to low levels of stress in the form of ischemic preconditioning or exercise, dietary, and energy restriction (Calabrese et al. 2007; Dirnagl and Meisel 2008) . The molecular mechanisms underlying hormesis are still unclear, but have been formerly attributed to changes in mitochondrial function and increased formation of reactive oxygen species (ROS), a process termed mitochondrial hormesis or mitohormesis (Schulz et al. 2007; Calabrese et al. 2010) . For example, exposure of Caenorhabditis elegans to the glucose analog 2-deoxy-D-glucose (DOG) inhibits glycolysis but induces a compensatory increase in mitochondrial respiration and ROS production, thus triggering a hormetic response that increases oxidative stress resistance via expression of antioxidant proteins such as catalase (Schulz et al. 2007 ). Interestingly, the hormetic response and resulting lifespan extension in C. elegans was abolished by the addition of antioxidants, which raises concerns about the potential detrimental effects of antioxidant therapy.
Hormesis can also be induced by ER stress (ER hormesis) ( Table 1) . ER hormesis was first used to describe cellular protection observed in Drosophila carrying a mutant form of the chaperone protein NinaA in the retina (Mendes et al. 2009) . NinaA is an ER-resident chaperone dedicated to the folding of rhodopsin-1 (Rh1) in the photoreceptor cells, but in ninaA mutants, Rh1 proteins are largely misfolded and accumulate in the ER. Here, the loss of a key chaperone protein leads to the accumulation of misfolded proteins and induction of the UPR that is not toxic for the photoreceptors but prompts a cellular protective response that protects cells from subsequent apoptotic insults. A similar ER hormetic response is observed following inhibition of the ERAD effector protein valosin-containing protein (VCP) in Drosophila (Griciuc et al. 2010) . In the Rh1 P37H /Rh P23H fly model of retinitis pigmentosa, loss-of-function mutations in VCP activate the IRE1-XBP1 pathway and efficiently suppress retinal degeneration and blindness resulting from the toxic accumulation of misfolded mutated Rh1 (Griciuc et al. 2010) . In the same model, strong suppression of retinal degeneration was also observed following treatment of flies with the VCP/ ERAD inhibitor Eeyarestatin I or the proteasome inhibitor MG132. In rodent and human cell lines, ablation of Herp, a component of the ERAD pathway, promoted ER adaptation and elimination of poly-ubiquitin protein aggregates that accumulate in response to glucose to deprivation or proteasome inhibition (Quiroga et al. 2013) . In each of these examples, loss of proteins involved in normal ER function prompted a hormetic response leading to resistance to the secondary stressor, such as apoptotic insults or expression of pathological proteins.
Although the cytoprotection associated with an ER hormetic response is generally observed in cells submitted to low ER stress, it is also induced in cells exposed to prolonged and lethal ER stress. Indeed, it was proposed that a prolonged ER stress induces a biphasic UPR response that initiates a survival phase, which is followed by the activation of a death response. This is well illustrated in the transgenic rat model of autosomal dominant retinitis pigmentosa that expresses mouse P23H rhodopsin (Lin et al. 2007 ). In this model, rhodopsin P23H induces the initial combined activation of the three UPR branches IRE1, PERK and ATF6, which results Photoreceptor and S2 cell survival: Drosophila
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• Temperature • Thapsigargin • Reduction of inappropriate Hedgehog signaling in smo mutants Marada et al. 2013; Mollereau 2013 in cytoprotection until post-natal day 12. This early protective phase is then followed by the dampening of IRE1 and the selective activation of the pro-apoptotic factor CHOP and photoreceptor cell death. In this review, we focus on the early and protective phase of the UPR and review the molecular mechanisms that favor cytoprotection while restraining the UPR-induced death response.
Contributions of IRE1-XBP1 to ER hormesis
Recent studies describing the physiological functions of the IRE1-XBP1 arm of the UPR have provided insights into organismal development, stress resistance, and longevity. For example, in cultured murine neurites, XBP1 is induced in response to treatment with brain-derived neurotrophic factor and promotes neurite outgrowth (Hayashi et al. 2007; Hayashi et al. 2008 ). More recent work in Drosophila showed that RIDD specifically targets mRNAs encoding fatty acid transport protein , an essential process for photoreceptor differentiation (Coelho et al. 2013 ). In addition, mutations of the C. elegans heterochromatin protein like-2 (HPL-2), the homolog of heterochromatin protein 1, were shown to induce a hormetic response dependent on XBP1. This response was associated with a marked increase in organismal resistance to tunicamycin toxicity, indicating that ER hormesis is under the control of the epigenetic factor HPL-2 (Kozlowski et al. 2014) . Interestingly, pretreatment of human endothelial cells with quercetin, a flavonol that binds the kinase-RNAse domain of IRE1 (Wiseman et al. 2010) , increased the cellular resistance to subsequent ER stress, suggesting that ER hormesis in these cells may depend on IRE1 activation (Suganya et al. 2014) . ER hormesis was also observed in C. elegans insulin/IGF-1 signaling pathway mutants (Henis-Korenblit et al. 2010) , which display increased IRE1-and XBP-1-dependent resistance to ER stress and increased longevity. A recent study in C. elegans also showed that expression of XBP-1s in neurons was sufficient to increase longevity and induce UPR signaling in distal, non-neuronal cell types via a cell-nonautonomous mechanism (Taylor and Dillin 2013) . This is a particularly exciting finding because it suggests that a cell-and/or tissue-restricted ER hormetic response has remote effects and can be beneficial for the entire organism. Whether such cell-nonautonomous control of the UPR also functions in mammals remains to be determined.
Although the molecular mechanisms of cytoprotection during the ER hormetic response are still being elucidated, it seems clear that the increased folding capacity and attenuated protein translation resulting from UPR activation allow the cell to eliminate potentially pathogenic proteins. In addition, ER hormesis has been shown to activate antioxidant responses and autophagy, both of which are cytoprotective (Higa and Chevet 2012; Hetz and Mollereau 2014) (Fig. 1) .
PERK-induced antioxidant responses contribute to ER hormesis
Signaling through the PERK-ATF4 pathway can both promote and reduce cell survival. On the one hand, prolonged ER stress leads to PERK-dependent induction of ATF4 and activation of the pro-apoptotic factor CHOP (Harding et al. 2000a ). On the other hand, PERK also promotes cell survival by increasing the antioxidant capacity (Maas and Diehl 2014) . The transcription factor NF-E2-Related Factor 2 (Nrf2) induces an antioxidant response (Cullinan et al. 2003) . Nrf2 is normally retained within the cytoplasm by association with Keap1 (Kelch-like ECH-associated protein 1); however, PERK phosphorylation of Nrf2 induces its release from Keap1 and subsequent translocation to the nucleus (Itoh et al. 2004) , where it binds to antioxidant response elements in the promoters and induces transcription of numerous antioxidant genes, including thioredoxins, glutathione synthetase, glutathione S-transferase and ferritin (Motohashi and Yamamoto 2004) . Hence, deletion of PERK or Nrf2 has deleterious consequences by abolishing the antioxidant response of cells subjected to chronic ER stress (Cullinan and Diehl 2006; Harding et al. 2000b ). In addition, activation of the PERK arm of the UPR by tunicamycin suppresses TNFα-induced ROS accumulation and decreases cell death by preventing reduction in cellular glutathione levels (Xue et al. 2005) .
Maintaining a redox balance is essential for protein folding within the ER and is achieved via the ER oxidoreductin enzymes Ero1α and Ero1β, protein disulfide isomerases, and the GSH/GSSG redox couple. Perturbation of optimal redox conditions by deregulation of these components can trigger ER stress and compromise survival (Higa and Chevet 2012) . Thus, the strong interplay between the UPR and the antioxidant response is essential for proper ER function and the adaptive response to ER stress.
ER stress-induced autophagy plays a cytoprotective role in ER hormesis
Protein quality control mechanisms recognize misfolded proteins and mediate their degradation via proteasome and macroautophagy pathways. Macroautophagy (hereafter autophagy), a conserved catabolic pathway through which the cell degrades and recycles cytoplasmic components, functions as a survival pathway under stress conditions (Klionsky et al. 2012) . Crosstalk between the UPR and autophagy is an important component of the cellular response to stress Deegan et al. 2013) . UPR signaling stimulates autophagy, which is cytoprotective in several ER hormetic paradigms (Matus et al. 2012 ; Hetz and Mollereau 2014) . For example, inhibition of autophagy reduces neuroprotection mediated by the ER hormetic response in photoreceptors of Drosophila ninaA mutants (Fouillet et al. 2012) . Similarly, inactivation of autophagy in human neuroblastoma SH-SY5Y cells by LC3-targeted siRNA or treatment with the (PI3K) inhibitor 3-methyl adenine abolishes ER-mediated protection induced by tunicamycin against 6-hydroxydopamine (6-OHDA) (Fouillet et al. 2012) . Autophagy is also involved in ER hormesis in a mouse model of Parkinson's disease. Thus, in mice pretreated with tunicamycin, subsequent treatment with 6-OHDA elicits an autophagic response in dopaminergic neurons, suggesting that stress-induced autophagy is cytoprotective (Fouillet et al. 2012 ). Autophagy and cytoprotection were also observed during ischemic preconditioning of primary cultured murine cortical neurons by oxygen/glucose deprivation (Sheng et al. 2012 ). Inhibition of the ER stress response by the selective eIF-2α inhibitor salubrinal suppressed autophagy and diminished neuroprotection induced by brain ischemic preconditioning in rat (Gao et al. 2013) . Similarly, prior treatment with tunicamycin or thapsigargin induced autophagy and protected against subsequent myocardial ischemic/reperfusion injury in rats (Petrovski et al. 2011) . Collectively, these findings demonstrate that autophagy plays a critical role in the ER hormetic response.
Several UPR genes and downstream targets have been shown to regulate autophagy. Interestingly, whereas IRE1 and JNK are required for autophagy regulation, ATF6 appears to be dispensable (Ogata et al. 2006) . During ER stress, the IRE1 kinase domain recruits the adaptor molecule TRAF2, and the IRE1-TRAF2 complex activates the apoptosis signalregulating kinase (ASK1). In turn, ASK1 activates the MAP kinases JNK and p38, and JNK phosphorylates the antiapoptotic and anti-autophagic proteins Bcl2 and Bcl-XL. These proteins normally bind and sequester the key autophagy regulator Beclin; thus, their phosphorylation by JNK liberates Beclin, allowing the associated class III PI3K to stimulate autophagy (Wei et al. 2008) . The PERK-ATF4 pathway also plays an essential role in autophagy activation by promoting the transcription of the conserved autophagy genes ATG5, ATG12, and ATG8/LC3 (Rouschop et al. 2010; Kouroku et al. 2007 ). Finally, PERK phosphorylates and promotes the activity of the transcription factor FOXO-1, which is a potent activator of autophagy (Xu et al. 2011; Zhao et al. 2010; . Whereas nuclear FOXO-1 induces the transcriptional activation of ATG5, ATG8/LC3, and Beclin, ER stress induces cytosolic FOXO1 to bind to ATG7 and increase autophagy independently of its transcriptional activity (Zhao et al. 2010) . Interestingly, XBP1 deficiency induces neuroprotection in a mouse model of Huntington's disease via upregulation of FOXO-1 and autophagy .
These data illustrate the critical role played by autophagy in ensuring survival during ER stress, allowing the cell to escape the toxic consequences of an accumulation of pathogenic proteins. A recent study showed that opposing UPR signals converge on death receptor 5 (DR5) to dictate cell survival or death in response to ER stress (Lu et al. 2014) . In this scenario, IRE1-ATF4-dependent activation of the transcription factor CHOP induces expression of DR5 and subsequent caspase 8-dependent apoptosis. However, DR5 levels are kept in check by RIDD-dependent mRNA degradation, allowing time for cellular adaptation. Thus, the UPR can decide the cell fate, depending on the duration and intensity of stress.
Mitochondrial function in ER hormesis
The ER is structurally and functionally connected to the mitochondria and influences mitochondrial functions via modulation of Ca 2+ metabolism and stress signaling (Walter and Hajnoczky 2005) . Although sustained ER stress can induce mitochondria-dependent apoptosis, adaptation to moderate stress involves modulation of key mitochondrial functions, including Ca 2+ metabolism, ATP synthesis, mitochondrial dynamics, and quality control. Early in the ER stress response to tunicamycin and thapsigargin, a Ca 2+ -dependent increase in mitochondrial metabolism is observed that involves induction of CHOP expression and phosphorylation of eIF2α and JNK (Bravo et al. 2011 ). In addition, microtubule-dependent perinuclear re-localization of reticular and mitochondrial networks and enhancement of ER-mitochondria coupling take place, accompanied by a transient stimulation of ATP synthesis that fuels the UPR. Whether in the early phases of ER stress the Ca 2+ leak from the ER functions as the signal triggering the relocalization of mitochondrial networks remains to be established. As mitochondrial perinuclear clustering and ER-juxtaposition, and increased Ca 2+ transfer, can be observed also under ER-stress induced cell death, the mechanistic aspects of how these processes result in different outputs will need further investigation. A PERK-dependent increase in mitochondrial biogenesis has also been reported to be a component of the ER stress response . In this study, ER stress-induced Nrf2-mediated transcription of heme oxygenase-1, increased the transcription of complexes of the electron transport chain, and upregulated mitochondrial DNA biogenesis. Further support for direct crosstalk between UPR signaling and mitochondrial function comes from a recent study demonstrating that the mitochondrial fusion protein mitofusin 2 (Mfn2), a regulator of ER stress, is required for PERK-dependent activation of apoptosis and autophagy during the ER stress response (Munoz et al. 2013) . Ablation of Mfn2 induced massive ER expansion and excessive activation of all three UPR branches, but reduced activation of apoptosis and autophagy during ER stress. Mfn2 physically interacts with PERK, and Mfn2-ablated cells showed sustained activation of PERK under basal conditions, leading to mitochondrial swelling, enhanced ROS production, Ca 2+ overload, and reduced respiration. These defects were suppressed by PERK silencing, suggesting that Mfn2 acts as a direct PERK repressor under basal conditions (Munoz et al. 2013) . PERK has also been proposed to play a structural role in the regulation of mitochondrial-dependent apoptosis induced by ER stress-ROS signaling (Verfaillie et al. 2012) . In this study, PERK was shown to be enriched at the mitochondrialassociated ER membranes (MAMs; the sites of ER-mitochondria coupling) and to be required for apoptosis after ROSinduced ER stress. PERK −/− cells displayed altered ER morphology and Ca 2+ signaling, as well as weaker ER-mitochondrial contacts (Verfaillie et al. 2012) . PERK re-expression overcame these defects and sensitized PERK −/− cells to ROS-mediated stress. Interestingly, these effects required the cytoplasmic domain of PERK, but not its kinase activity, suggesting a structural and functional role for MAMassociated PERK in the propagation of ROS signals to neighboring mitochondria and in the initiation of apoptosis in response to ROS-induced ER stress. Together, these studies demonstrate the existence of functional ER-mitochondrial interactions during the UPR and raise the intriguing but asyet-untested possibility that ER hormesis and mitohormesis may be linked.
ER hormesis and disease
The many examples of ER hormesis described in cell culture and animal models raises questions about its relevance to human diseases and whether the process could be exploited for the development of therapeutics.
ER hormesis in diabetes
Chronic hyperlipidemia and hyperglycemia play a causal role in the development of type 2 diabetes, a disease characterized by peripheral insulin resistance and/or insufficient insulin secretion by pancreatic β-cells. Type 2 diabetes has been linked to ER stress (Ozcan et al. 2004; Back and Kaufman 2012) and oxidative stress-associated mitochondrial dysfunction (Lowell and Shulman 2005) . During ER stress imposed by high production of insulin, PERK induces an adaptive response that protects β-cells from ROS accumulation (Back et al. 2009; Scheuner et al. 2001) . Mutations in PERK are linked to the human Wolcott-Rallison diabetic syndrome (Senee et al. 2004) , and PERK is also a regulator of WSF1, an ER membrane protein that contributes to the UPR and maintenance of ER homeostasis (Fonseca et al. 2005) .
Inactivating mutations in the WFS1 gene cause Wolfram syndrome, which is associated with type 1 diabetes, optic atrophy, and deafness (Fonseca et al. 2009 ). β-cells carrying mutated WFS1 show increased levels of ER stress, reduced insulin secretion, and a failure to respond to alterations in glucose concentrations (Shang et al. 2014; Lemaire and Schuit 2012) . Interestingly, it was observed in rodent and human cell lines that wild type WFS1 negatively regulates ATF6 via the proteasome and reduced the UPR. WFS1 stabilized the ubiquitin ligase HRD1, which induced ATF6 degradation via the proteasome (Fonseca et al. 2010 ). Thus, PERK-dependent regulation of WFS1 is important for the maintenance of ER homeostasis in pancreatic β-cells.
ER hormesis in diseases of the CNS
The role of the ER adaptation in CNS diseases was described in three elegant studies showing that ER hormesis induced by XBP1 inactivation was neuroprotective (Hetz et al. 2009; Valdes et al. 2014) . These authors showed that conditional ablation of XBP1 in models of ALS, Parkinson's disease, and Huntington's diseases induced an adaptive ER stress response that protected against subsequent disease-inducing insults. In the ALS mouse model, XBP1 deficiency protected from death induced by mutated SOD1 expression in motoneurons (Hetz et al. 2009 ). In the mtHtt Q128 transgenic mouse model of Huntington's disease, ablation of XBP1 improved neuronal survival in the striatum . Similarly, ablation of XBP1 protected dopaminergic neurons against 6-OHDA-induced cell death in the mouse model of Parkinson's disease (Valdes et al. 2014 ). However, XBP1 inhibition is not beneficial in all models of neurodegeneration; XBP1 deficiency enhances the severity of spinal cord injury in mice (Valenzuela et al. 2012 ) and does not affect prion pathogenesis (Hetz et al. 2008 ). The neuroprotective function of ER hormesis in Parkinson's disease has been studied in detail in cell culture and animal models treated with the dopamine analog 6-OHDA, which induces loss of dopaminergic neurons via oxidative stress and apoptosis (Przedborski et al. 1991; Tanaka et al. 2006) . In these models, ER hormesis was induced by pretreatment with low doses of ER stressors such as tunicamycin or thapsigargin. For example, Drosophila S2 cells and human SH-SY5Y neuroblastoma cells are protected against 6-OHDA toxicity by pretreatment with tunicamycin (S2 and SH-SY5Y) and thapsigargin (SH-SY5Y) (Mendes et al. 2009; Fouillet et al. 2012 ; Hara et al. 2011) . Importantly, this effect is also observed in vivo, as shown by the neuroprotective effect of tunicamycin treatment in the 6-OHDA mouse model of Parkinson's disease (Fouillet et al. 2012; Matus et al. 2012) . Collectively, these studies have established the cytoprotective property of hormesis induced by low levels of ER stress, suggesting that this process could be exploited for the development of much needed therapies for neurodegenerative diseases.
ER hormesis in cancer
Cancer cells, particularly solid cancers, are often exposed to unfavorable growth conditions such as nutrient and oxygen deprivation, and it is becoming increasingly clear that cancer cells take advantage of the ER stress response and UPR signaling to ensure their survival under these conditions. Given that prolonged ER stress generally leads to cell death, a survival advantage would be conferred on cells that show enhanced prosurvival UPR signaling and reduced pro-apoptotic signaling. In support of this, tumor cell survival is increased when expression of the PERK-induced pro-apoptotic transcription factor CHOP is reduced by either microRNA mir211 (Chitnis et al. 2012) or the cochaperone p58IPK (Huber et al. 2013) . Similarly, deletion of CHOP in mouse models of lung cancer (Huber et al. 2013 ) and hepatocellular carcinoma (Nakagawa et al. 2014 ) is associated with increased tumor incidence. On the other hand, cancer cells appear to retain PERK-mediated ER hormetic responses. These include Nrf2-dependent antioxidant responses (Cullinan and Diehl 2004) and ATF4-dependent activation of cytoprotective autophagy (Harding et al. 2003; Hart et al. 2012) . Interestingly, recent studies have identified mutations in IRE1α that impair endoribonuclease function but still allow XBP1 mRNA splicing; cancer cells expressing the mutated forms of IRE1α cannot induce RIDD and therefore exhibit enhanced survival (Ghosh et al. 2014 ). Another well-described mechanism of cancer cell survival is via ATF6-induced expression of the chaperone BiP. Increased BiP expression alleviates ER stress and is positively correlated with malignant cell proliferation and tumor histologic grade (Lee 2007) .
Importantly, a recent study has provided evidence that ER hormesis could be exploited for the treatment of some medulloblastomas and basal cell carcinomas induced by mutation of Smoothened (Smo), a G protein-coupled receptor in the Hedgehog (Hh) signaling pathway (Marada et al. 2013; Mollereau 2013) . Mutations in a conserved extracellular loop of Drosophila Smo induces its retention in the ER and increases Smo-dependent signaling downstream of Hh (Carroll et al. 2012 ). An ER adaptive response induced by thapsigargin or heat treatment in Drosophila wing and cancer cell lines destabilized the Smo mutant and reduced its signaling activities (Marada et al. 2013 ). Moreover, destabilization was dependent on the ERAD-specific ubiquitin ligase Hrd1. Thus, activation of the UPR elicits a complex signaling network that can either support or repress tumorigenesis, with the final outcome likely depending on the chronicity of ER stress and the cellular context.
Conclusions
In this review, we have discussed some of the mechanisms by which ER hormesis could be beneficial for the treatment of a variety of diseases. These include a wide range of protein misfolding disorders such as Parkinson's and Huntington's diseases, retinitis pigmentosa, ALS, diabetes and cancers. We have also highlighted the pleiotropic nature of the ER adaptive response. First, the response increases the ER folding capacity to efficiently remove mutated proteins that are retained in the ER, as in the case of mutated forms of Smo (cancer), opsin (retinitis pigmentosa), and insulin (diabetes). Second, the ER adaptive response triggers additional protective pathways such as the antioxidant response and autophagy. Collectively, these responses act as barriers to the deleterious effects of exogenous stimuli, such as cell death insults, or to the expression of endogenous pathogenic proteins. Importantly, these protective responses will also take place in cells submitted to prolonged or acute ER stress but in which the pro-death phase of the UPR will eventually lead to cell demise. The goal of future research will be to further characterize the molecular switches that dictate whether the cell should live or die in response to ER stress to identify therapeutic drug targets and drugs for stimulating an ER adaptive response while minimizing adverse side effects.
